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A B S T R A C T

Apatite (U-Th)/He and apatite fission-track cooling ages from high-pressure (HP) metamorphic rocks in the South
Aegean forearc along the Kythera Strait (Kythera and southeastern Peloponnese) suggest rapid exhumation during
Middle to Late Miocene times. HP rocks from the Kythera Strait exhibit two perpendicular extensional structures.
Samples with arc-normal or arc-parallel extensional fabrics yielded apatite (U-Th)/He cooling ages of ∼8–10 Ma. The
more precise (U-Th)/He ages are consistent with previously reported apatite and zircon fission-track ages obtained
from the same rock units. The less precise, but still accurate, fission-track data provided a reference for (U-Th)/He
dating on relatively young uranium-poor apatites. The combined data, therefore, precisely and accurately constrain
the exhumation history of HP rocks and indicate that localized arc-parallel extension in the Kythera Strait was active
for an ∼5 m.yr. interval during the regional arc expansion.

Introduction

Extensional detachment faulting under both duc-
tile and brittle conditions is an important mecha-
nism in bringing high-pressure/low-temperature
(HP/LT) metamorphic rocks to the surface (Platt
1986) and commonly occurs above a retreating sub-
ducting slab. In the case of the Hellenic subduction
zone, thermochronologic studies revealed that ex-
humation of HP rocks occurred through detach-
ment faulting during the Early to Late Miocene
(Thomson et al. 1999; Ring et al. 2001; Brix et al.
2002; Marsellos 2008). The Mediterranean region
contains numerous high-pressure (HP) and ultra
high-pressure (UHP) metamorphic terranes with
variable metamorphic ages, suggesting that the
burial-metamorphism-exhumation cycle is a re-
curring process in subduction settings.

This article presents apatite (U-Th)/He ages from
the phyllite-quartzite unit (PQU) metamorphic
rocks in order to better constrain the low-temper-
ature (low-T) thermal history for the southwestern
section of the Hellenic arc (southern Peloponnese
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and Kythera) and sheds light on tectonics associ-
ated with arc-parallel extension. This study shows
that combining relatively accurate fission-track
analyses with higher-precision (U-Th)/He dating
increases utility of the low-T thermochronology of
uranium-poor apatites. The thermochronologic
data—(U-Th)/He and fission track—are combined
with structural and fabric relationships in the area
to provide temporal constraints on arc-parallel ex-
tension in the Kythera Strait, which has significant
implications for the Neogene development of the
Hellenic arc and the South Aegean subduction
system.

Rollback and Associated Arc-Parallel Extension. The
Aegean plate overrides the subducting African slab
at the Hellenic subduction zone (fig. 1). Initiation of
the Aegean forearc began when the first carbonate
platforms at the leading edge of Adria arrived at
western Greece at ∼35 Ma (van Hinsbergen et al.
2005a, 2010). Oligocene to Early Miocene K-Ar ages
(Seidel et al. 1982; Jolivet et al. 1996) and numerous
Early to Middle Miocene fission-track cooling ages
also point to forearc evolution beginning in the Late
Oligocene–Early Miocene (e.g., Thomson et al. 1999;
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Figure 1. Tectonic setting of the Hellenic arc with a representative cross section (A–A′) through the Kythera Strait.
See text for details. HT p Hellenic trench, TR-PI p Tripolis-Pindos nappe units above extensional detachment,
PQU p phyllite-quartzite unit below extensional detachment, NMTF p North Mani Transverse Fault, ITF p Ierapetra
Transverse Fault, MCL p Mid-Cycladic Lineament.
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Brix et al. 2002; Marsellos et al. 2010a). Develop-
ment of the South Aegean forearc has been attrib-
uted to the current subduction configuration, al-
though subduction was ongoing throughout most of
the Mesozoic and the entirety of the Cenozoic, dur-
ing variable convergence rates (Faccenna et al. 2003;
Jolivet and Brun 2010). The subduction rate was
slower in the Early Miocene (Dewey et al. 1989; Ro-
senbaum et al. 2004) between Africa and Europe,
causing rollback (Royden 1993) and extension since
∼35 Ma (van Hinsbergen and Schmid 2012). The ex-
tension (e.g., Angelier and Pichon 1980) culminated
during 25–16 Ma, as manifested by a series of de-
tachment faults now exposed in the South Aegean
(e.g., Lister et al. 1984; Fassoulas et al. 1994; Thom-
son et al. 1998; Jolivet and Faccenna 2000; Jolivet et
al. 2004).

Rollback is commonly followed by arc-backarc
extension (especially with an old African subduct-
ing slab; Molnar and Atwater 1978; Royden 1993;
Jolivet et al. 1994; Lister et al. 2001), arc-parallel
extension along the forearc (Marsellos and Kidd
2008), and trench migration (e.g., Dewey 1981; Brun
and Faccenna 2008). These processes, in combi-
nation with the exhumation of the HP rocks, are
reflected by the evolving subduction zone geometry
of an amphitheater-shaped basin (Spakman et al.
1988, 1993) that increases its curvature. About 150
km of arc-normal extension between 16 and 11 Ma
accompanied trench migration, exhumation of HP
rocks at either end of the Aegean trench that was
primarily controlled by rollback of the subducting
slab (Marsellos et al. 2012b). Slab retreat (Royden
1993), successive slab-tearing episodes (e.g., Govers
and Wortel 2005; van Hinsbergen 2010; Biryol et
al. 2011; Gesret et al. 2011; Salaón et al. 2012) with
subsequent differential arc expansion (Marsellos et
al. 2010a), and strain localization (Jolivet et al.
2012) have resulted in differential horizontal ro-
tation in the Miocene (Kissel and Laj 1988; Duer-
meijer et al. 1998; Walcott and White 1998; ten
Veen and Kleinspehn 2003; van Hinsbergen et al.
2005b; Bradley et al. 2013).

Rollback and extension provides space allowing
rapid exhumation of HP rocks (Platt 1986). This
differential rollback along strike of the subduction
zone (Marsellos et al. 2010a) is most likely asso-
ciated with a bending of the arc (e.g., Royden and
Husson 2006). Differential rollback rates may cause
uneven exhumation along the forearc in the area,
whereby peak metamorphic conditions of exhumed
rocks are expected to be spatially correlated with
rollback rates. The central section of the Cretan-
Peloponnese ridge, which experienced rapid roll-
back, exposes metamorphic rocks with higher peak

pressure-temperature (P-T) conditions (fig. 2) than
the metamorphic units in the eastern and western
flanks (Seidel et al. 1982; Theye and Seidel 1991,
1993; Theye et al. 1992; Gerolymatos 1994). The
spatial relationship of rollback rate, metamorphic
grade, and exhumation rate needs to be better de-
fined to understand how subduction geometry
evolves in retreating subduction zones such as the
Hellenic trench.

Tectonic and Geological Setting

Hellenic Forearc. The Hellenic forearc ridge con-
tains substantial exposures of the Neogene-Recent
accretionary wedge (fig. 1). Pre-Neogene thrust
nappes are exposed in the Hellenic forearc ridge and
overlie the metamorphosed basement of HP rocks.
The large-scale internal structure of the Hellenic
forearc ridge developed during the Late Eocene–
Early Miocene collision of the Apulia microconti-
nent (attached to the African plate) as it was sub-
ducted beneath and accreted to the active European
continental margin (the Pelagonian terrane; Thom-
son et al. 1998). Miocene marine sediments faulted
by extension (Christodoulou 1965; Freyberg 1967;
Theodoropoulos 1973; Lyberis et al. 1982) were de-
posited concurrently with cooling, exhumation,
and uplift of the underlying HP rocks, beginning in
the Early Miocene in Crete (Fassoulas et al. 1994;
Jolivet et al. 1996; Thomson et al. 1999; Brix et al.
2002) and the central Peloponnese and since the
Middle-Late Miocene in Kythera and the south-
eastern Peloponnese (Marsellos et al. 2010a).

PQU and Metamorphism. The sedimentary cover
of Apulia is mostly represented by the rocks of the
PQU and the Tripolis unit and are exposed over
wide areas on the Peloponnese-Cretan ridge, in-
cluding Kythera Island. There are three lithotec-
tonic units exposed in Kythera. The structurally
lower metamorphic unit consists mainly of phyllite
and quartzite, with mylonitic marbles and blue-
schists (Lekkas 1986; Gerolymatos 1994; Marsellos
2006) as well as rare, small occurrences of meta-
granite and gneiss. The protolith of the metamor-
phic PQU was a mid-Carboniferous to Triassic rift
sequence (Krahl et al. 1983), resulting from the
opening of a southern branch of the Neotethyan
ocean (Pe-Piper 1982; Seidel et al. 1982; Robertson
and Dixon 1984). U-Pb ages of detrital zircons from
PQU rocks range from Carboniferous to Archean
and show a major pan-African signature; the
gneissic lenses show Carboniferous U-Pb ages (Xy-
polias et al. 2006; Zulauf et al. 2007; Marsellos et
al. 2012a). The PQU metasedimentary rocks were
underthrusted (Seidel et al. 1982; Bonneau 1984)
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Figure 2. Apatite fission-track (AFT) and zircon fission-track (ZFT) ages in the phyllite-quartzite unit (PQU) of
Peloponnese, Kythera, and Crete. Sample localities are shown on the map with open squares referencing ZFT and
AFT ages by Brix et al. (2002; [1]) and Thomson et al. (1999; [2]) and with circles referencing ages by Marsellos et al.
(2010a; [3]). Outlined boxes contain ranges of fission-track ages. The black areas in the map indicate where PQU
rocks are exposed on the surface. Pressure-temperature-time data are for the high-pressure/low-temperature rocks of
the phyllite-quartzite series in Peloponnese, Kythera, and Crete (after Seidel et al. 1982; Thomson et al. 1998).

and experienced HP/LT metamorphism in the Ol-
igocene to Early Miocene.

The metamorphic P-T conditions of the HP rocks
along the Hellenic forearc increase from the edges
of the forearc toward the Kythera Strait (fig. 2). In
Crete, the PQU rocks experienced HP/LT meta-
morphism under conditions of up to 350�C in east-
ern Crete and 400� � 50�C in western Crete and
mostly 8–12 kbar (Seidel et al. 1982; Theye et al.
1992), with isolated occurrences of even higher
pressure (∼16 kbar) and similar temperature
(!400�C) in Chania, western Crete (Jolivet et al.
1996). These metamorphic conditions took place
between 24 and 19 Ma (Brix et al. 2002). In the
Peloponnese, PQU rocks experienced conditions of
up to 15 kbar and 450�C (Seidel et al. 1982; Theye
and Seidel 1991, 1993; Theye et al. 1992). In Ky-
thera PQU, metamorphic mineral assemblages in-
dicate a peak metamorphic pressure of 15–17 kbar
and temperatures approaching 550�C (Gerolymatos
1994).

In the area of Potamos on the island of Kythera,
orthogneiss lenses occur within schists of the PQU

(Petrocheilos 1966; Xypolias et al. 2006), here
named “Potamos gneisses.” Fault-bound lenses of
gneiss intercalated with phyllite (mostly shown as
C′ structures; Marsellos and Kidd 2008) are rela-
tively common along the entire Cretan-Pelopon-
nese ridge. Mica-schist of the PQU on Kythera
show arc-parallel extensional fabrics and zircon fis-
sion-track (ZFT) cooling ages of 10–13 Ma related
to exhumation coeval with expansion of the arc and
subduction rollback. The Potamos gneisses pre-
dominantly exhibit arc-normal extensional struc-
tures and younger ZFT cooling ages (∼9 Ma; Mar-
sellos et al. 2010a).

Extension and Exhumation at Kythera Strait. Dur-
ing Early to Late Miocene exhumation (∼16–11 Ma),
a series of large-displacement extensional detach-
ment faults developed, bringing metamorphic rocks
against their nonmetamorphic cover during three
stages of extension (Marsellos and Kidd 2008).
Highly strained rocks of the PQU on Kythera and
the southeastern Peloponnese (Marsellos et al.
2010a) exhibit a substantial change in extension di-
rection during their ductile strain history. Change
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Figure 3. Sample locations of apatite helium (U-Th)/He (AHe), zircon fission-track (ZFT), and apatite fission-track
(AFT) cooling ages from below (lower plate, phyllite-quartzite unit [PQU]) and above (upper plate, Tripolis flysch) the
detachment on Kythera Island. The new ages (AHe) from lower plate samples are displayed with previously reported
ZFT from below and above the detachment and AFT from the upper plate (Marsellos et al. 2010a, 2010b). The
geological map was modified after Petrocheilos (1966) and Marsellos et al. (2010b).

of extension has been observed from cooling ages of
arc-normal and arc-parallel stretching lineated
rocks. The first change occurred at ∼16–14 Ma, when
arc-normal extension was replaced by localized arc-
parallel extension, while the second change occurred
at ∼11–9 Ma, when arc-normal extension was re-
stored. Fabrics in quartzose lithologies change from
arc-parallel, mica-blue amphibole fabrics to arc-nor-
mal, kyanite-mica fabrics in Kythera and the south-
eastern Peloponnese.

The (U-Th)/He cooling ages presented below con-
firm with higher precision that the latest stage of
exhumation of the PQU arc-parallel lineated rocks
and gneissic arc-normal lineated rocks occurred at
a similar time and with a similar (rapid) exhuma-

tion rate, indicating that they were juxtaposed prior
to final exhumation.

Analytical Methods

(U-Th)/He and scanning electron microscope (SEM)
analyses were performed at the University of Flor-
ida. (U-Th)/He ages were successfully determined
for apatite grains from 6 of 19 hand specimens ob-
tained from PQU rocks from Kythera and the Pe-
loponnese along the Hellenic forearc ridge (figs. 3,
4). Outcrop samples were processed following stan-
dard mineral separation procedures (Bernet and
Garver 2005) of crushing, sieving, magnetic sepa-
ration, and heavy liquid methods. To avoid apatite
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Figure 4. Sample locations of apatite helium (U-Th)/He (AHe), zircon fission-track (ZFT), and apatite fission-track
(AFT) cooling ages from below (lower plate, phyllite-quartzite unit [PQU]) the detachment on the Neapoli area,
southeastern Peloponnese (western part of the Hellenic forearc). The new ages (AHe) from lower plate samples are
shown with ZFT and AFT data from below the detachment (Marsellos et al. 2010a, 2010b). This simplified geological
map of southeastern Peloponnese was modified after Bornovas and Rontogianni-Tsiabaou (1983).

grains with any inclusions, we carefully examined
the apatite grains under a stereomicroscope with
open and cross-polarized conditions at maximum
magnification of #160. Apatite grains with visible
inclusions were discarded. However, many grains
are not 100% transparent, hampering identification
of fine inclusions; thus, we cannot rule out the pos-
sibility of small inclusions in our samples. Selected
grains were examined using SEM to confirm their
mineral identity and basic morphological features.
To minimize artificial modifications of the apatite
grains during SEM analysis, the samples were sim-
ply located on standard Scotch tape without a coat-

ing procedure and then analyzed at a variable pres-
sure mode. Shan et al. (2013) showed that extended
chemical mapping up to ∼2 h, even at high SEM
beam currents (1000 pA), does not cause any de-
tectable modification of (U-Th)/He ages for the Du-
rango apatite standard. After SEM analysis, all the
grains were examined under a stereomicroscope to
determine their physical dimensions. Most of the
selected apatite grains were in the range of 80–250
mm.

Two to five apatite grains were wrapped together
in Nb tubes, and each of the sample packets was
placed in a well within a stainless-steel planchette.



Table 1. (U-Th)/He Data for Apatite in Metamorphic Rocks of Phyllite-Quartzite Unit (PQU) from Kythera and the Southeastern Peloponnese

Sample
name Location

U
(fmol) 1j

Th
(fmol) 1j

Sm
(fmol) 1j

4He
(fmol) 1j FT

No.
grains

(U-Th)/He
age (Ma) 1ja %

U
(ppm)b

Th
(ppm)b

Sm
(ppm)b

T04_1 Kythera 4.82 .53 28.4 1.6 1852 46 .22 .02 .87 1 15.5 2.3 15 .04 .2 9.9
T04_2 Kythera 29.3 2.0 216 14 2217 58 1.47 .06 .88 1 16.2 1.5 9 .25 1.8 12
T04-1 Kythera 101 2.1 251 8.0 8703 162 .82 .02 .88 2 4.4 .3 6 .96 2.3 52
T04-6 Kythera 15.3 1.2 386 14 2814 41 1.20 .04 .89 1 9.9 .7 7 .13 3.3 16
T05-1 Kythera 311 5.1 2003 35 10,265 224 7.65 .23 .86 4 8.9 .6 6 6.8 43 141
T05-2 Kythera 35.1 1.9 198 8.8 4260 123 1.53 .05 .83 3 17.1 1.3 7 1.3 7.2 100
T05-3 Kythera 257 6.0 2084 60 21,281 412 7.80 .23 .85 6 9.4 .6 7 4.0 31 208
T05-4 Kythera 74.7 1.5 579 19 4733 125 2.93 .09 .84 2 12.9 .9 7 1.8 14 73
T05_2 Kythera 13.7 .86 92.3 8.1 963 29 .34 .05 .77 2 9.7 1.7 17 .45 3.0 20
T06_1 Kythera 261 5.6 34.0 1.2 1515 37 1.87 .06 .67 1 8.0 .5 7 47 6.0 172
T06_2 Kythera 382 9.9 31.9 1.5 1997 38 3.08 .09 .69 1 8.9 .6 7 64 5.2 211
D43_3 Kythera 50.1 2.3 149 5.1 1129 34 .74 .02 .74 3 9.1 .7 7 1.7 4.9 24
D01-1 SE Peloponnese 427 11 1060 31 13,129 256 7.17 .22 .74 4 11.0 .7 7 44 107 859
D01-2 SE Peloponnese 1329 31 2044 58 16,508 449 15.6 .47 .76 4 8.9 .6 7 117 175 915
D10_g2 SE Peloponnese 10.5 1.7 47.6 5.2 740 26 .17 .01 .82 1 7.2 .9 12 .24 1.1 11
a FT correction error of 3% is included.
b Estimates based on measured grain dimensions converted to mass.
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Figure 5. HelioPlot showing the distribution of U-Th-(Sm)-He data among different apatites on a ternary diagram
and log-ratio plot (Vermeesch 2010).

The loaded planchette was sealed in a high vacuum,
and individual packets were heated using a diode
laser at 7 amp for 3 min. The extracted gas was
mixed with a known amount of 199.99% pure 3He
spike, purified with an NP-10 getter, and then an-
alyzed with a Pfeiffer-Balzer Prisma quadrupole
mass spectrometer. All the grains were reextracted
twice to confirm complete He degassing of samples.
Most of the samples yielded negligible amounts of
gas even after the first reextractions. For all sam-
ples, the second reextraction contributed less than
0.5% of the total measured 4He. Procedural blanks
were measured after every three samples. Durango
apatite standards were measured every 10 samples.
The entire He analysis sequence was performed in
an automatic mode using LabView (National In-
struments) and autoclick (MurGee) codes. The de-
gassed sample packets were retrieved from the sam-
ple chamber, mixed with ∼0.05 mL of U-Th-Sm
spike, and then dissolved in 5% nitric acid for in-
ductively coupled plasma mass spectrometer (ICP-
MS) analysis. Analytical errors for the (U-Th)/He
ages were propagated using Monte Carlo simula-
tion. An additional 3% of a-recoil correction errors
at 1j level were included in the error calculation.

The analytical errors on the ages generally range
from ∼3% to 14% (1j; table 1), mainly because of
the very low U-Th contents in some of the apatite
grains. Figure 5 displays a HelioPlot ternary dia-
gram (Vermeesch 2010) efficiently demonstrating
the U-Th-(Sm)-He abundances and resulting ages.

Results

Many apatite grains from metamorphic rocks in
Kythera and the Peloponnese yielded very low U-
Th (!∼0.01 ppm) or He (!∼0.1 fmol) contents, which
was prohibitive in determining reliable (U-Th)/He
ages. Meaningful and precise AHe ages were ob-
tained, however, for four samples from Kythera
(T04, T05, T06, D43) and two samples from the
Peloponnese (D01, D10). These samples yielded
AHe ages ranging from 4.4 � 0.3 (1j) to 17.1 � 1.3
Ma. The sample locations and calculated ages are
shown in figures 3 and 4 and are listed in table 1.
From Kythera sample T05, we obtained five mul-
tigrain (U-Th)/He ages in the range of 8.9–16.2 Ma.
Although the ages are widely scattered, three young
ages (8.9, 9.4, and 9.7 Ma) are tightly clustered, with
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a mean age of 9.2 � 0.8 Ma. The remaining two
ages (12.9 and 17.1 Ma) are old and scattered and
are probably caused by small inclusions or coating
of U-Th-rich phases. The most likely AHe age for
TO5 is 9.2 � 0.8 Ma.

For sample T04, the (U-Th)/He ages are scattered
from 4.4 � 0.3 to 16.2 � 1.5 Ma. Although the two
oldest ages (15.5 and 16.2 Ma) seem to be identical
in terms of their uncertainties, the available ZFT
age from the same sample is 10.9 � 0.9 (1j) Ma,
suggesting that these two (U-Th)/He ages are sig-
nificantly older than the expected AHe age. The
two young ages (4.4 � 0.3 and 9.9 � 0.7 Ma) are
not identical, and it is difficult to determine the
true AHe age. However, 9.9 � 0.7 Ma is consistent
with clustered ages from nearby sample T05 and
very similar to the other AHe ages in the same unit.
Sample T06 yielded AHe ages of 8.9 � 0.6 and
8.0 � 0.5 Ma, which are slightly older than the
apatite fission-track (AFT) age (6.5 � 1.0 Ma [1j];
Marsellos et al. 2010a) for the same sample. Such
an inverted relationship is also observed in sample
D43, which yields an AHe age of 9.1 � 0.7 Ma and
an AFT age of 7.0 � 1.7 Ma (1j). Two southeast-
ern Peloponnese samples show no significant in-
verted relationship, and they are located below the
detachment-generated (U-Th)/He ages of 7.1 � 0.5
Ma (D10; glaucophane-mica-schist) and 8.8 � 0.5
Ma (D01; quartzose gneiss). The possible causes of
the old AHe apparent ages are discussed in the fol-
lowing section.

Apatites from the gneiss sample (T06) show low
Th/U values (∼0.1) with high absolute concentra-
tions of U (∼47–55 ppm). In contrast, most other
Kythera apatites yielded relatively high Th/U with
significantly lower U concentrations.

Discussion

Metamorphic Gradient along the Forearc Ridge. The
spatial distribution of metamorphic grade is likely
linked to the different subduction and exhumation
trajectories of corresponding rock units in an evolv-
ing accretion geometry. Even in a small area, such
as the Kythera Strait, rock units show a wide range
of maximum burial depths (6–30 km or even deeper)
indicating that they experienced variable subduc-
tion-exhumation trajectories (Marsellos et al.
2010b). Rock units from variable maximum depths
are structurally juxtaposed, but it is unclear whether
the juxtaposition occurred during subduction or ex-
humation. For example, flysch sandstones from Pin-
dos unit rocks that were deposited on the overriding
Eurasian plate (Hall et al. 1984) experienced tem-
peratures above the apatite closure temperature

(80�–120�C) but not higher than the ZFT closure
temperature (190�C), implying that they did not ex-
perience high-P metamorphism and probably es-
caped the subduction P-T trajectory during the pe-
riod of 23–15 Ma (Marsellos et al. 2010b).

Age Interpretation. Intrasample scatter of (U-Th)/
He apparent ages, some of which are older than
coexisting AFT apparent ages (i.e., the inverted
AHe-AFT age relationship) is not uncommon in
AHe thermochronology and has been attributed to
several different processes, including (1) differential
He diffusion properties mainly controlled by radi-
ation damage in individual apatite crystals (Green
et al. 2006; Shuster et al. 2006; Flowers et al. 2009;
Flowers and Kelley 2012); (2) uneven distribution
of U-Th within single-apatite grains, leading to in-
correct alpha-recoil corrections and resulting in
complex 4He profiles and radiation damage distri-
butions (Hourigan et al. 2005; Farley et al. 2011;
Ault and Flowers 2012); (3) fragmentation of orig-
inally larger grains, resulting in AHe age that rep-
resents only a portion of He distribution in the orig-
inal grain (Beucher et al. 2012; Brown et al. 2013);
(4) injection of alpha particles from U-Th-rich in-
clusions such as zircon, monazite, or allanite
(House et al. 1997; Ehlers and Farley 2003; Ver-
meesch et al. 2007); and (5) implantation of 4He
from adjacent U-Th-rich phases (Farley 2003; Spie-
gel et al. 2009; Murray et al. 2011).

Differential He diffusion parameters among dif-
ferent grains in the same sample may be amplified
when apatite grains have a relatively large inter-
grain variation of eU (p [U] � 0.235 [Th]) and have
experienced prolonged residence at the shallow
crustal level (Flowers and Kelley 2012). However,
the ZFT ages from the Kythera and Peloponnese
samples are in the range of 9.1–21.3 Ma, suggesting
that the rocks experienced a subduction-related
metamorphic reheating event at conditions above
∼240� � 50�C (ZFT closure temperature; Brandon
et al. 1998). Therefore, a significant portion of the
radiation damage accumulated before the reheating
event must have been removed during the thermal
event, efficiently homogenizing previous radiation
damage contrast. Moreover, the samples used in
our study do not show the positive eU-age rela-
tionship (fig. 6) expected from the radiation damage
model, suggesting that a variation of intergrain He
diffusion properties is not the main cause of the
apparently old AHe ages.

Heterogeneous distributions of U and Th within
apatite crystals may cause scattered apparent ages
in at least two different ways (Farley et al. 2011).
First, uneven U-Th distribution can lead to erro-
neous estimation of alpha-recoil correction factors,



390 A . E . M A R S E L L O S E T A L .

Figure 6. (U-Th)/He age versus eU (p [U] � 0.235 [Th]) plot. The negative correlation identified from the four
samples indicates that the old and scattered ages are potentially caused by U-Th-rich inclusions or that such phases
existed near the apatite grains inducing alpha implantation into the apatite grains used for our analysis.

causing apparently young or old (U-Th)/He ages.
Second, U-Th zonation would produce uneven 4He
distributions, resulting in differential fractional He
losses for individual apatite grains. However, this
effect can cause an age bias of only a few percent
even for significantly zoned (up to 40% eU core-
rim contrast) apatite grains (Ault and Flowers
2012). Previous fission-track analysis indicates that
the U zonation is insignificant for the Kythera and
Peloponnese apatites, so that uneven U-Th distri-
bution may have contributed only a small portion
of the age scatter.

Fragmentation of originally large grains can also
yield scattered AHe ages because each fragment
represents a different portion of He diffusion profile
in its parent grain (Brown et al. 2013). A fragment
from the core of the apatite grain is expected to
have a higher He concentration than a fragment
from the margin, therefore yielding apparently
older AHe age. The resulting spread of AHe ages
would be particularly significant for samples that
experienced slow cooling, an extended stay in a par-
tial retention zone, or minor reheating (Beucher et
al. 2012), mainly because such thermal histories

cause a prominent He gradient. In contrast, a grain
that experienced rapid cooling is expected to have
a relatively flat 4He concentration for a significant
portion of the grain and therefore to be less sen-
sitive to the fragmentation effect. For example, a
recent numerical modeling suggests that a sample
cooled at a rate of 10�C/m.yr. would yield AHe ages
within a range of ∼7% (Brown et al. 2013). There-
fore, the Kythera and Peloponnese samples, which
experienced rapid cooling at a comparable or even
higher rate (110�C/m.yr.), are expected to be even
less vulnerable to this effect.

The most important cause of the scattered AHe
ages is probably either point (4) or point (5) above,
or a combination of the two. Although the meta-
morphic apatite grains were carefully observed un-
der the stereomicroscope, many of the grains were
not transparent, hampering detailed examination of
their internal volume, and it was difficult to iden-
tify small inclusions. Also, potential implantation
of alpha particles from adjacent U-Th-rich grains is
a viable explanation of the observed old apparent
AHe ages. The inverse relationship between AHe
age and eU (fig. 6) further supports these possibil-
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ities because the low-eU apatite would be more
vulnerable to such inclusions or neighboring phases
(Spiegel et al. 2009). Because the U-Th contents are
relatively low in the apatite grains used for our
study, even a small inclusion of zircon or monazite
or a thin film of oxide on surfaces of apatite grains
can cause a significant increase in the (U-Th)/He
ages. For a hypothetical apatite grain with [U] p
[Th] p 0.1 ppm and radius p 50 mm, one small
zircon inclusion with [U] p [Th] p 200 ppm and
radius p 3 mm can result in an AHe age increase
of ∼43%.

Because of the reasons discussed above, the
young and clustered AHe ages are likely to be more
reliable than older apparent ages. The young and
clustered (U-Th)/He ages from the four Kythera
samples located below the detachment can be rep-
resented as 9.2 � 0.8 Ma (T05) and 9.9 � 0.7 Ma
(T04) for metagranite; 9.1 � 0.7 Ma (D43) for glau-
cophane-mica-schist; and 8.5 � 0.6 Ma (T06) for
gneiss. Two southeastern Peloponnese samples also
located below the detachment generated more re-
liable (U-Th)/He ages of 7.2 � 0.9 Ma (D10; glau-
cophane-mica-schist) and 8.9 � 0.6 Ma (D01;
quartzose gneiss).

Integration of (U-Th)/He and Fission-Track Data. As
summarized in the previous section, the apparently
old (1∼10 Ma) and scattered AHe ages for the Ky-
thera and Peloponnese samples are probably due to
U-Th-rich inclusions or adjacent phases. The re-
maining AHe ages are concentrated in the range of
∼7–10 Ma, which likely represents the timing of
when the Kythera and Peloponnese samples passed
through the He closure temperature of apatite. The
young and reliable AHe ages from the two Pelo-
ponnese D10 and D01 samples (7.1 � 0.5, 8.8 �
0.5 Ma) are identical to corresponding AFT ages
(6.8 � 3.8, 9.8 � 1.3 Ma) within their uncertainties.
For Kythera samples T06 (gneiss) and D43 (glau-
cophane mica-schist), the AHe ages are slightly
older than the previously reported AFT ages of T06
(6.5 � 1.0 Ma, 1j) and D43 (7.0 � 1.7 Ma, 1j;
Marsellos et al. 2010a). This is probably related to
(1) rapid cooling in these samples, which caused
the closure temperatures of AHe and AFT to be
almost identical, and (2) previously reported AFT
age errors, which reflect the lower precision of fis-
sion-track analyses but could be slightly underes-
timated due to very low U-Th content.

Apatite with very low uranium concentration
may provide only a very small number of sponta-
neous fission-tracks (1–5) per 20–30 grains. The er-
rors on the AFT ages reflect the small number of
spontaneous tracks compared with 1000–2000 in-
duced tracks. Miocene or younger apatites of less

than 5 ppm or zircons with less than 50 ppm, there-
fore, give ages with very low precision (Garver et
al. 2002; Bernet and Garver 2005), but these results
tend to be accurate because etched tracks are easily
identified compared to inclusions (Montario et al.
2008). The whole-grain (U-Th)/He ages may have
higher analytical precision but could be affected by
U-Th-rich inclusions. Precision and accuracy are
both not in favor in those two thermochronological
techniques. Precision is very high in (U-Th)/He, as
this technique determines He3 and He4 by ICP-MS
but provides relatively low accuracy due to the fac-
tors summarized above. In contrast, the fission-
track system allows measurement on the surface
free of inclusions, permitting high accuracy but
very low precision in low-uranium minerals (low
count of induced tracks) or very young minerals
(low count on spontaneous tracks).

Both dating systems are further limited when the
grains are rich in inclusions such as the Aegean
apatites. The fission-track system is based on op-
tical microscopic measurements and is not mainly
influenced by inclusions of less than 1 mm, as those
inclusions are not prominent or are “invisible” un-
der this magnification of the optical microscope
and, consequently, not countable. Inclusions of less
than 1 mm cannot be considered as spontaneous
tracks (considering a nonunderetched sample), and
they are instantly disregarded. Inclusions of higher
than 1 mm diameter can be simply disregarded. (U-
Th)/He requires SEM–energy dispersive X-ray
(EDX) analysis or an equivalent electron micro-
probe analysis to identify the presence of inclusions
in mineral shallow subsurface but not inside. Se-
quential etching times of minerals for fission-track
dating permit a wide range of ages to be determined
by numerous mineral conditions, including non-
transparent minerals and rich-inclusion minerals.
In terms of investigating the cooling histories of
relatively young metamorphic rocks of rich-inclu-
sion minerals, it is, therefore, helpful to integrate
data from both fission-track and (U-Th)/He
systems.

Tectonic Implications. The low-T thermal history
of the southeastern Peloponnese and Kythera was
previously constrained using fission-track dating of
metamorphic apatite grains (Marsellos et al. 2010a).
The new apatite (U-Th)/He ages provide thermal
histories for an even lower temperature range. The
pooled apatite (U-Th)/He ages from Kythera and the
southeastern Peloponnese are slightly older than
AFT ages from the same area (figs. 3, 4). Although
there is clear evidence of unsupported 4He in some
apatite grains used for (U-Th)/He dating, the most
likely AHe ages are grouped in the range of ∼8.0–
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9.9 Ma for the Kythera samples (T04, T05, T06,
D43). These data indicate rapid cooling (i.e., be-
tween zircon and apatite annealing zones) and ex-
humation of the HP rocks in the Kythera Strait and
the surrounding areas of the Hellenic forearc ridge
through the closure interval of the fission-track and
He systems (!200� to 140�C).

The new (U-Th)/He results combined with the
reported fission-track data (fig. 2) may imply that
the Miocene cooling and exhumation rates pro-
gressively increase from Crete toward Kythera and
the southeastern Peloponnese. Zircon and the lim-
ited apatite thermochronologic data from the
“lower plate” along the forearc ridge may imply
that the Kythera Strait corresponds to the most re-
cently exhumed area of HP/LT metamorphic rocks
in the Hellenic forearc ridge. Furthermore, the tim-
ing of exhumation is inversely correlated with the
metamorphic grade, which is higher in the Kythera
Strait (younger cooling age) and lower in the Pe-
loponnese and Crete areas (older cooling age). This
pattern suggests that the SW segment of the Hel-
lenic arc, which corresponds to the Kythera Strait,
experienced relatively rapid decompression since
its peak metamorphism compared to the adjacent
areas of the arc (central-north Peloponnese and cen-
tral-eastern Crete). These are two prominent pat-
terns that suggest a correlation between metamor-
phic conditions’ increasing distance from the edges
of the Hellenic arc toward the center (Kythera and
southern Peloponnese; fig. 2). This pattern corre-
sponds with an increasing rate of exhumation.

The Tripolis unit experienced thrust imbrication
associated with mild metamorphism at tempera-
ture conditions of ∼260�C (Rahl et al. 2005). Trip-
olis flysch was underthrust beneath the Pindos im-
bricated folded carbonates. Thermochronologic
data indicate that the Tripolis and Pindos units of
Kythera were thrust to only crustal levels, shal-
lower than the partial annealing zone of zircon (cor-
responding to 240� � 50�C). Therefore, these units
experienced only limited subduction as a part of
the lower plate between ∼23 and 15 Ma (Marsellos
et al. 2010b). A limited subduction can also be in-
ferred by the unmetamorphosed Pindos flysch sed-
iments on Crete, which were at the surface when
they were unconformably overlain by Neogene sed-
iments between 15 and 12 Ma (Postma et al. 1993)
and by the overlying uppermost (UM) tectonic unit
of the Cretan nappe pile (Seidel et al. 1976). The
nappes showed a rapid cooling at 16 Ma, when UM
rocks were cooled below the apatite annealing zone
(Thomson et al. 1999). This time interval corre-
sponds to the activity of a series of detachment
faults, which facilitated exhumation of HP rocks

elsewhere in the Aegean (Fassoulas et al. 1994; Ki-
lias et al. 1994; Jolivet et al. 1996, 1998; Thomson
et al. 1999; Marsellos et al. 2010a). Those two
events, extension and the occurrence of detach-
ment faults, coincide with a shallow subduction of
the unmetamorphosed Tripolis unit and Pindos
flysch rocks in Crete and Kythera during 23–15 Ma.
Cretan and Kythera “upper plate” rocks show a co-
eval exhumation, while Kythera lower plate rocks
such as the PQU rocks show a younger rapid ex-
humation that took place after the central Pelo-
ponnese and Cretan PQU rocks’ exhumation.

Structural and thermochronologic observations
of arc-parallel extension in the Hellenic arc (Mar-
sellos and Kidd 2008; Marsellos et al. 2010a)
prompted evaluation and integration of the event
into the dynamics of arc expansion and extension
(van Hinsbergen and Schmid 2012). During the Late
Miocene (15 Ma), arc expansion reached a peak in
velocity, probably due to faster rollback. This is
because rapid arc expansion cannot take place with
only arc-normal extension. Arc-parallel (along-the-
arc) extension facilitated the augmentation of the
arc curvature and subsequent exhumation of HP
rocks via arc-parallel detachments (Marsellos et al.
2010a). The Kythera Strait experienced the highest
rate of rollback and, therefore, the greatest stretch-
ing along the axis of the arc increase in the length
of the arc in the Mediterranean area, which even-
tually caused Late Miocene exhumation of HP
rocks in the Kythera Strait.

HP rocks with an arc-parallel stretching lineation
in the Kythera to the southeast of the Peloponnese
area were at temperatures within the upper zircon
partial annealing zone (ZPAZ; ∼250� � 50�C) dur-
ing the interval of ∼13 to 9 Ma. It is likely that arc-
parallel extension started after an Early to Middle
Miocene differential rollback and ended at ∼9 Ma,
when the gneissic rocks cooled below the ZPAZ.
The apatite (U-Th)/He ages indicate that postde-
tachment brittle faults facilitated the final exhu-
mation and faulting into the PQU rocks’ postdating
∼9 Ma.

Conclusions

The apatite (U-Th)/He ages from metasedimentary
rocks of the South Aegean region in the Kythera
Strait are concordant with the previously reported
ZFT and AFT cooling ages. These results indicate
that Kythera and southern Peloponnese HP rocks,
which correspond to more than one geological unit,
experienced similar shallow exhumation paths dur-
ing the Middle to Late Miocene. Gneissic lenses
show slightly younger exhumation ages than the
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PQU rocks, implying that detachment and exhu-
mation of those exotic unit rocks followed the PQU
rocks’ exhumation. The arc-parallel extension
dominated the arc-normal regional extension be-

tween 12–13 and 8–9 Ma due to rapid, differential
rollback of the slab. Arc-parallel extension was ac-
tive for an ∼5 m.yr. interval during the regional arc
expansion.
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